All identical particles are entangled from the outset, regardless of how far apart their creation took place. In this paper, this fact is used for extraction of entanglement from independent particles unaffected by any interactions. Specifically, we are concerned with operational schemes for generation of all tripartite entangled states, essentially the GHZ state and the W state, which prevent the particles from touching one another during their evolution. In particular, we show that extraction of entanglement from three particles within the no-touching paradigm generates only states in the GHZ class, and for the W state another auxiliary particle is required. The protocols discussed in the paper work equally well for particles obeying boson, fermion or anyon statistics.
All identical particles are entangled from the outset, regardless of how far apart their creation took place. In this paper, this fact is used for extraction of entanglement from independent particles unaffected by any interactions. Specifically, we are concerned with operational schemes for generation of all tripartite entangled states, essentially the GHZ state and the W state, which prevent the particles from touching one another during their evolution. In particular, we show that extraction of entanglement from three particles within the no-touching paradigm generates only states in the GHZ class, and for the W state another auxiliary particle is required. The protocols discussed in the paper work equally well for particles obeying boson, fermion or anyon statistics.
"The whole is other than the sum of its parts." -Aristotle (Metaphysics, Book 8) Introduction.-Indistinguishability brings new quality into collective behaviour of quantum systems. Due to symmetrisation of the wave function all identical particles are entangled from the very beginning. This is in particular true for particles created independently in remote regions of the universe. Since otherness of entanglement manifests in non-local correlations [1] , therefore it should be in principle possible to observe these effects extracted directly form the symmetrized state of independent identical particles too [2] [3] [4] . Yet all experimental scenarios require some kind of interaction to unlock this potential, thereby blurring the origin of the observed phenomena. Is it thus possible to use this inherent form of entanglement in its pure form without calling for interaction to bring it into effect? In order to give a precise answer it is instructive to distinguish between various kinds of interaction/correlation scenarios establishing entanglement between systems.
A common intuition associates interaction event with a well defined space region in which particles or systems happen to be present at the same time. We shall call this requirement the touching condition. Then the interaction can have a typically dynamical character expressed by mixing terms in the Hamiltonian which couple respective modes of the system, e.g. like in description of fundamental interactions in particle physics or generation of entangled photons in spontaneous parametric down-conversion [5] . An alternative mechanism for correlating particles at the touching point is through the interference effects for identical particles, e.g. like the Pauli exclusion principle for fermions or bunching (anti-bounching) effect for bosons (fermions) impinging on a beam splitter [5, 6] . This is a kinematical phenomenon which is determined by the commutation relations at the touching point with a different behaviour depending on the statistics of the particles involved.
In this paper, we go beyond the touching paradigm by considering situations in which particles do not meet at any point during their evolution, and yet correlation between particles is established. This can be realised in quantum optical frameworks by demanding spatial separation (or no-crossing) of the paths traversed by the particles for certain post-selected events. We shall call it interaction without touching scenario. This striking idea was first proposed by B. Yurke and D. Stoler [7, 8] who devised a scheme for generation of the Bell states and the GHZ state from two and three independent particles respectively. Conceptually, it plays with the naive intuition about what counts as an interaction process, since apparently spatial correlations can be established in a kinematical way without particles touching one another. All these scenarios rely entirely on particle indistinguishability, which thus presents itself as a useful resource of entanglement for practical applications.
The problem posed in this paper is exploration of the extent to which extraction of entanglement is possible within the no-touching paradigm. More precisely, how many indistinguishable particles is required for generation of all entangled states of a given type. While for bipartite states the original proposal [7] provides the answer (two particles are enough), for tripartite entanglement the problem is already unsettled (only the construction of the GHZ state is known [8] ). In this paper, we show that processing of three independent particles in the no-touching scenarios is capable of generating states only in the GHZ class. To complete the discussion of entanglement extraction for three qubits, we give a simple protocol for generation of the W state using four independent particles in no-touching scheme.
Interaction without touching scenario.-Consider optical experiment with N input paths (or modes) grouped into K subsystems denoted by A 1 , ... , A K . Let the paths be labeled by consecutive integers and then we choose A k = { i k , i k + 1 , ... } with 1 = i 1 < i 2 < ... < i K N. For the purpose of the following discussion we define K disjoint subsystems at the output denoted by B 1 , ... , B K each consisting of a pair of paths, and chosen without restricting generality to be B k = { i k , i k + 1 }. In this paper we are interested in optical scenarios composed of the following four steps illustrated in Fig. 1 : 
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, and the permutations σ Bell ∈ S 4 and σ GHZ ∈ S 6 are respectively (1234) → (1432) for the Bell state and (123456) → (143652) for the GHZ state.
(1) Single particle is injected into each group A 1 , ... , A K , say the first path in each group i 1 , i 2 , ..., i K respectively. In the optical context it is appropriate to think of the paths as spatially separated modes of the system with the particles described in the occupation number representation (i.e., the Fock space). If we adopt a naive point of view of particles traversing well-defined paths, then the particle may change its path only at the crossing points which correspond to the beam splitters implementing non-trivial unitaries on the respective modes. These are also the only points where the particles in different paths may touch. Therefore, after steps (1) and (2) we can be sure that in each group of paths A 1 , ... , A K there is a single particle which has never touched the other ones. Clearly, permutation in step (3) does not introduce any crossing/touching too. Then, in step (4) we restrict our attention to paths in B 1 , ... , B K which are processed further separately within each subsystem, i.e., by local unitaries and measurements within each group B k , and afterwards only those events are retained when a single particle is present in each pair. This means that in the post-selected regime the notouching condition is preserved throughout the whole procedure [10] .
Note that treated collectively each group of paths A k with a single particle in it and local unitaries U k form a subsystem which encodes a qudit [9] . Therefore, by virtue of (1) and (2), it is legitimate to think of the initial stage of this scenario as the representation of K qudits A 1 , A 2 , ... , A K . By the same token, post-selection (4) asserts presence of a single particle in each pair of paths B k and hence at the output subsystems B 1 , B 2 , ... , B K encode state of K qubits (so called 'dual-rail qubits').
In a nutshell, the protocol prepares state of K qubits represented in subsystems B 1 , B 2 , ... , B K from K independent particles which have never touched along the way. It is interesting to ask whether this method is capable of generating all states in H ⊗K where H = C 2 is a single qubit. While for K = 2 the answer is positive [7] , we show that for K = 3 the problem is settled in the negative (all generated entangled states are restricted to the GHZ class). We also devise a metod for generation without touching of all the remaining states, essentially the W state, by throwing in another independent and no-touching particle. No-go for states beyond the GHZ class.-If we consider interaction without touching scenario for three particles K = 3 with any number of paths N, any local transformations U 1 , U 2 , U 3 in the input regions A 1 , A 2 , A 3 and any permutation of the paths σ ∈ S N , then we have the following theorem (proved in the Supplement). Theorem 1. Three independent particles processed without touching generate entanglement only within the GHZ class.
This negative result leaves no hope for generation of states beyond the GHZ class using only three particles in no-touching scenarios. However, the situation can be redressed by adding another particle into the scheme.
Generation of the W state without touching.-Consider the following 9-path experiment, illustrated in Fig. 2 , in which input and output paths are grouped into four spatially separated subsystems: A 1 = B 1 = {1, 2}, A 2 = B 2 = {3, 4}, A 3 = B 3 = {5, 6}, A 4 = B 4 = {7, 8, 9} . Let the initial state of the system be the following four particle state a † 1 a † 3 a † 5 a † 7 |0 with each subsystem holding a single particle. In the first step, three local unitaries on subsystems A 1 , A 2 and A 3 are taken to be the Hadamard transforms (H), i.e., for i = 1, 3, 5 we have
whereas on subsystem A 4 we perform a symmetric tritter (ST) transformation: 
where ω = e 2πi/3 is the third root of unity. Further, we switch the paths according to permutation σ W ∈ S 9 described as follows: (123456789) → (173859246). Finally, the subsystem B 4 is once more subjected to the ST transformation Eq. (6) and then measured in the computational basis (by placing detectors in paths 7, 8, 9) . The protocol assumes post-selection which consists in retaining only those events when a single particle is present in each subsystem B 1 , B 2 , B 3 and B 4 at the output (note that it does not preclude further processing within each subsystem B 1 , B 2 , B 3 ). Taking all steps together evolution of the input state goes as follows:
whenever the states a † 7 |0 , a † 8 |0 or a † 9 |0 are measured respectively on B 4 . A quick inspection of Eq. (7) shows that states generated in Eq. (8) do not depend on the boson or fermion statistics, since in each term Eq. (7) the order of creation operators has the same (odd) parity. However, for anyons the terms in each W state in Eq. (8) gain relative phases e 5iθ , e 3iθ and e iθ respectively.
For each state in Eq. (8) the procedure succeeds with probability 3 /(2 √ 6) 2 ≈ 4.17 %, and hence upon correction conditioned on the result in B 4 the efficiency rate of generation of the W state can be increased to 3 × 4.17 % = 12.51 %. This should be compared with generation of the W state with touching for polarisationencoded qubits proposed, e.g., in Refs. [12] [13] [14] .
Discussion.-Generation of entanglement, besides importance for practical implementations of quantum processing tasks, touches upon the fundamental question of the origins of non-locality and quantum correlations. Interestingly, entanglement can be established in scenarios which do not require prior interaction between the particles, where the latter is understood as a process happening at some well-defined touching point (i.e., in the counterfactual sense particles never meet during the entire evolution and yet reveal quantum correlations). In this paper, following the seminal observation in Refs. [7, 8] , we have discussed the conditions and described explicit scenarios for generation of arbitrary tripartite entanglement within the no-touching paradigm (essentially the GHZ and the W state).
A similar idea of processing without touching is present in the so called entanglement swapping protocol [15] . Note, however, that it requires explicitly entangled particles to start off, and hence it should be seen as a powerful state manipulation rather than state generation technique. Another relevant example is the ingenious proposal by L. Hardy for testing local realism in overlapping interferometers [16] . In that scheme the entangled state is designed through post-selection due to the interaction event in the touching point (electronpositron annihilation or photon bunching effect [17] ). In this respect, scenarios considered in this paper are conceptually different, since entanglement is obtained 'almost for nothing'. More specifically, (i) no prior entanglement is assumed except for that granted by the fundamental principle of particle indistinguishability, and (ii) no conditioning on any kind of prior interaction/touching along the way is required which is guaranteed by the non-crossing geometry of the setups.
To conclude, protocols discussed in the paper treat entanglement inherent in identical particles as a genuine resource and unlock it into a useful form which can be directly observed in correlation experiments; see Refs. [7, 8] for the seminal observation and Refs. [18, 19] for some recent realisations. We leave open an interesting question, whether these scenarios can be generalised to produce all n-partite entangled states for n > 3. Finally, it is interesting to observe that the produced GHZ and W states are independent of the boson or fermion statistics and hence can be used for tests of boson/fermion indistinguishability [20] [21] [22] .
Observe that the resulting state in Eq. (15) is a sum (over η ∈ S 3 ) of the product states of three dual-rail qubits encoded in paths B 1 , B 2 and B 3 (with expressions in the brackets generating the respective qubits). In the following, we will show that for any permutation σ irrespective of the number of elements in A 1 , A 2 and A 3 there are at most two non-vanishing terms in Eq. (15), i.e., we have # η ∈ S 3 : C η k k = ∅ for all k = 1, 2, 3 2 .
This means that depending on the permutation σ post-selection prepares either empty (all terms in Eq. (15) vanish) or non-empty ensemble of particles. In the latter case the ensemble is either described by the product state if there is a single element in Eq. (17) (this happens e.g. for σ = Id), or an entangled state in the GHZ class when Eq. (17) is a set with two elements. An example of generation of the GHZ state is given in Eq. (4) for N = 6 with three Hadamard transforms and permutation σ GHZ = (143652); see Fig. 1 (at the bottom-right) . In order to justify the upper bound in Eq. (17) suppose there are three different permutations η,η,η ∈ S 3 satisfying conditions in the above set. This means that at some point either all three or just two of them are different, i.e., without loss of generality we may consider two cases:
Case 2: η 1 = 1,η 1 = 2,η 1 = 2 .
In Case 1 conditions in Eq. (17) require that
which contradicts property of Eq. (10) for t = 1. In Case 2 from Eq. (17) only two conditions follow
However, sinceη,η are assumed to be different, then both of them have to disagree on the remaining points, i.e., without loss of generality we takē
which by conditions in Eq. (17) imply
We remain with two choices for η, either η 2 = 2, η 3 = 3 or η 2 = 3, η 3 = 2, which by Eq. (17) add another condition C 22 = ∅ or C 32 = ∅. Together with Eqs. (22) and (23) it contradicts property of Eq. (10) for t = 2 or t = 3 respectively. Since both Case 1 and Case 2 lead to contradiction, it proves that there can be at most two permutations satisfying conditions in Eq. (17) and hence the bound.
